The expression of imprinted genes is regulated by well-known genetic mechanisms such as DNA and histone methylation. However the mechanism regulating the expression of non-imprinted genes that are specifically expressed in endosperm is currently unknown. To determine whether DNA methylation is involved in the regulation of non-imprinted gene expression in endosperm, we used rice seeds from a reciprocal cross between cultivars Nipponbare and 9311 treated with a methylation inhibitor 5-aza-2'-deoxycytidine to investigate the expression patterns of four non-imprinted genes in seedlings. We found these endosperm specific genes were activated in F1 with two types of expression patterns: 1) either both parental alleles were expressed in F1 leaves; 2) or only one parental allele was expressed in the leaves of the progeny. We speculate that the altered expression patterns of parental alleles may be associated with F1 heterosis. We also observed that the expression of non-imprinted genes underwent dynamic changes at different development stages with two showing imprinted expression patterns, suggesting that DNA methylation is involved in regulating the expression of some imprinted as well as non-imprinted genes. The results of this study provide a reference for further exploring epigenetic mechanisms underlying seed development and, potentially, the association of dynamic changes of DNA methylation with heterosis.
Introduction
Cereal grain consists of two major components: embryo and endosperm that are the products of double fertilization specifically occurring in flowering plants. Endosperm occupies most of the volume of the grain and is a major source of human nutrition. Thus it is important to investigate grain development to improve crop and food production to fulfill the growth of world population.
Genomic imprinting almost exclusively occurs in plant endosperm and is modulated by the variation of DNA and histone methylation [1] [2] [3] [4] [5] [6] [7] . Gene imprinting refers to the phenomenon that one of the parental gene copies is exclusively or preferentially expressed depending on parent-of-origin [8] [9] [10] [11] . Proper endosperm development requires a set of genes being imprinted and these genes may affect grain size [12] . The imbalance of parental genome dosage in the endosperm observed in interploidy crosses and DNA methylation mutants is the main reason for endosperm abortion [13] [14] [15] [16] [17] [18] . Endosperm development is regulated by epigenetic mechanisms such as DNA and histone methylation that regulate the expression of imprinted genes [19] [20] [21] [22] [23] [24] [25] [26] [27] . Because endosperm is a terminally differentiated tissue, the genetic and epigenetic variations that occur in imprinted genes will not be passed to the next generation.
Changes of DAN methylation patterns and levels of spring are closely related to the formation of heterosis [28] [29] [30] [31] [32] [33] . The patterns of plant DNA methylation are tissue-and organ-specific [34, 35] . For example, elevated DNA methylation levels at some loci are considered to be positively associated with plant heterosis [32, 36] , while at other loci it is the decreased DNA methylation levels that correlates with the plant heterosis [31, 37] . Specifically expressed genes in endosperm may influence embryonic development via influencing endosperm development [22] . Ectopic activation of these endosperm specific genes in seedlings or other organs may impact on plant growth and thereby heterosis. Zemach [38] identified 165 endosperm-specific genes using gene chip technology and found that not all were imprinted genes. Luo et al. [23] identified 262 candidate imprinted loci in rice by Illumina high-throughput sequencing and verified 56 imprinted loci in the endosperm. These authors identified a few imprinted rice candidates that are highly homologous to genes in Arabidopsis thaliana associating with epigenetic regulation, including DNA methylation, histone methylation, and small RNA pathways. Wang et al. [39] found that the expression of genes silenced by DNA methylation could be activated through the addition of the methylation inhibitor 5-aza-2'-deoxycytidine (5-azadC) [40] . However, it is still unknown whether DNA methylation is involved in the regulation of non-imprinted genes during endosperm development.
In this study, we treated the seeds of a hybrid rice (Oryza sativa) from a reciprocal cross between japonica cultivar Nipponbare and indica cultivar 9311 with the DNA methylation inhibitor 5-azadC (thereby altering the expression of genes in the resulting seedlings). We then analyzed the regulatory effect of DNA methylation on nonimprinted genes. The results of the present study provide a reference for further elucidating the genetic mechanism underlying heterosis and the molecular mechanism of imprinting during endosperm development.
Materials and Methods

Plant materials
Rice (Oryza sativa) line Parents Nip (Nipponbare) line 9311, planted
Seed treatment by methylation inhibitor 5-azadC
The concentration of 5-azadC was diluted to 30, 50 μmol/L dissolving with DMSO, diluting with distilled water to the corresponding concentration; the control group was a mixed solution of DMSO and distilled water. The seeds were steeped in the condition of light incubator temperature (28℃/25℃) and photoperiod(16h D/8h N) for 3-5d,observing the changes of plant properties after treatment according to the germination, The drug concentrations used finally was confirmed to be 3 μmol/L.
in Sichuan Wenjiang test fields with reciprocal cross in the flowering phase, taking the seed endosperm with the development of 3-5D and the parental roots, stems, endosperm, leaves, freezing in liquid nitrogen and preserving at -80℃ to prepare RNA extraction.
The mature hybrid seeds were collected and preserved at -4℃ for one month, to break seed dormancy for the preparation of the subsequent pharmaceutical treatment and germination. RNA isolation, reverse transcription and sequencing.
Total RNA was isolated using the RNeasy Plant Mini kit (Qiagen, Hilden, Germany) according manufacturers' instruction. The genomic DNA contamination was removed by using RQ1 RNase-Free DNase (Promega, Madison, WI). cDNA was synthesized from the 100 ng of total RNA samples by using the PrimeScript First Strand cDNA Synthesis kit (Takara, Dalian, Chian). After synthesizing cDNA, PCR amplification was performed using the TaKaRa PCR Amplification kit (Takara) using the primers listed in Table 1 . The PCR condition was 95℃ for 3 min for pre-denaturing, and then 34 cycles for denaturing at 72℃ for 45S, annealing at 56℃ and polymerization at 72℃ for 7 examine the expression of SNPs loci containing the parental differences in the progeny plants. If the differences in the expression of SNPs of the parents simultaneously expressed in the progeny, indicating that the gene was non-imprinted gene; conversely, if the progeny combinations only expressed one of the parental different bases, then the gene was imprinted gene. The sequencing results found that among 18 genes, there were 4 non-imprinted genes and 14 imprinted genes. The Sanger sequencing results of 6 genes (4 non-imprinted genes, 2 imprinted genes) were shown in in Table 2 .
The effect of 5-azadC-mediated demethylation on the expression of endosperm specific genes in hybrid seedlings DNA methylation regulates the expression of imprinted genes in the endosperm, but it is not yet known whether methylation is also involved in regulating the expression of non-imprinted genes. Therefore, we treated rice seeds with the methylation inhibitor 5-azadC (30 μmol/L) for 3-5 d, followed by germination, to examine the effects of methylation on the regulation of non-imprinted genes.
We first examined the true and false hybrid plants and to ensure the authenticity of the hybrids, we used 38 pairs of microsatellite primers to differentiate between genes from Nipponbare and 9311 and obtained 11 different markers (RM1, RM4, RM9, RM18, RM47, RM52,
Results
Identification of the genes specifically expressed in endosperm
Based on the endosperm-specific genes identified by Zemach [38] , 26 genes encoding transcription factors were chosen in our analysis. We investigated whether there were SNPs in these genes in Japonica rice Nip and non-glutinous rice 9311 based on information obtained from the PubMed website. The gene regions that are different compared with parents were used to design PCR primers, and endosperm cDNA (shown in experimental materials) was used as a template for PCR. A total of 18 genes could be amplified by PCR and RT-PCR results of 8 genes are shown in Figure 1 .
To confirm if these 18 genes are specifically expressed in endosperm, we synthesized cDNA using PCR amplification from RNA that were isolated from leaves, endosperm, roots, and stems of Nip. All 18 genes could only be amplified from endosperm tissue but not from leaf, root, or stem tissue, demonstrating that these 18 genes were specifically expressed in endosperm ( Figure 2 ).
Identification of non-imprinted genes
We used Sanger sequencing to test the imprinting status of selected endosperm specific genes. The amplified bands were sequenced to RM72, RM335, RM337, RM339, and RM341). Markers RM1 and RM72 were used to confirm the identity of the hybrids by examining the leaves of the F1 hybrid plants, as both markers should be amplified simultaneously in true hybrids. The results confirm that the hybrids utilized in this study were true hybrids (Figure 3) .
After inhibitor treatment, the5-azadC-treated seeds exhibited a delayed germination and the plants became stunted compared with the control (Figure 4) . The latter phenomenon was changed in most plants after 5 days of growth except some plants wilted and gradually died. These results are consistent with the findings of Sano et al. [41] .
The expression of the 18 endosperm-specific genes in the leaves of plants produced from 5-azadC-treated seeds were investigated using RT-PCR. It turned out that only four genes could be amplified from these leaves (Figure 5 ), indicating that the expression of these four genes is regulated by DNA methylation, i.e., de-methylation enabled these genes to be expressed in leaves.
Activation of various parental alleles by demethylation in hybrid seedlings
RNA was extracted from the leaves of seedlings derived from 5-azadC-treated seeds and subjected to RT-PCR to investigate the expression of parental alleles at the four non-imprinted loci aforementioned and to see whether the expression patterns of SNP loci in leaves were consistent with those in endosperm. In the endosperm of hybrids, gene LOC_Os07g08420 expressed the SNPs C and T simultaneously that come from mother and father, respectively. In the seeds treated with 5-azadC, the new leaves (demethylated leaves) still expressed the bases C and T, suggesting that 5-azadC treatment did not influence the expression of parental alleles of this gene in the treated hybrid seedlings. As LOC_Os 07g08420 is only expressed in endosperm and silenced in embryos and other tissues. We speculate that DNA methylation plays an essential role in silencing the activity of this gene in non-endosperm tissues. On the same line, we observed that seeds treated with 5-azadC showed the expression of both parental alleles in the seedlings at this locus (Table 3) .
Interestingly, gene LOC_Os04g35010.1 was similarly activated like LOC_Os 07g08420 ( Table 4 ) thus suggesting that DNA methylation is involved in regulating the expression of endosperm specific nonimprinted genes.
Furthermore, gene LOC_Os02g12310 expressed the polymorphism loci C and T in the 3d and 5d endosperm simultaneously as we expected. However, we observed that only the Nip allele (C) was activated after 5-azadC treatment while the 9311 remains silenced. Obviously there are differential effects of DNA methylation on the Nip and 9311 alleles. But it is not clear why 9311 is not activated (Table 5) .
Similarly, LOC_Os01g24460 expressed the SNPs C and T in the 5d endosperm simultaneously (Table 6 ). Interestingly at 3d only the maternal allele is detected in the endosperm, suggesting that the imprinting process could be dynamic (Table 6 ). Strikingly the hybrid seedlings with reduced DNA methylation after inhibitor treatment showed the same maternal expression at this locus as shown in the endosperm of 3d. But the underlying mechanisms driving the imprinted expression in early endosperm and treated seedlings remain to be determined.
Together, expression patterns at LOC_Os01g24460 are related to development stages, namely imprinted expression occurs in the 3d endosperm, but not in the 5d endosperm. This dynamic process may require the conversion of imprinted locus into non-imprint one at later development stage and DNA de-methylation may be involved in this process. Our results also showed that DNA methylation is also involved in the regulation of the selective demethylation of the maternal alleles of the seedlings being treated by 5-azadC at this locus.
Discussion
DNA methylation regulates on endosperm specific genes and may repress the activity of deleterious gene in seedlings
The expression levels of many genes are dynamic in different organs and at different developmental stages. The mechanisms regulating the spatial and temporal expression of genes include both epigenetic modifications and the role of regulatory factors. It is known that methylation inhibitor 5-azadC can reduce DNA methylation levels, thereby leading to the change of gene expression [39] [40] [41] [42] . For endosperm-specific genes, we have tested whether the silencing in non-endosperm tissues are due to DNA methylation. We detected the expression of endosperm-specific genes in the seedlings derived from rice seeds treated with 5-azadC. Further sequencing analysis of the seedling-expressed genes showed that there were two types of expression patterns: either both parental alleles as represented by According to functional annotation [38] , LOC_Os07g08420 plays an important role in grain filling of rice, LOC_Os04g35010.1 encodes DNA helix domain protein, LOC_Os02g12310 encodes no apical meristem protein (NAC family), and LOC_Os01g24460.1 encodes histone-like transcription factors. Seeds treated with 5-azadC showed delayed germination, dwarfing of plant height, death at late development stage and other detrimental phenotypes. It remains to be determined whether activation of the endosperm-specific genes of diverse functions contributes to the detrimental phenotypes after seed treatment. It is possible that demethylation mediated by 5-azadC would activate many more genes that would be silenced in seedlings Table 4 : The expression of C and T SNPs at LOC_Os04g35010.1 in two development stageal s of endosperm and the demethylationed leaves after 5-azadC treatment.
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Endosperm-5d AzadC-leaf and, most likely these ectopic activations will cause abnormal plant development. Consistently, it is hypothesized that evolutionary selection of imprinted genes (which usually are endosperm specific and silenced by DNA methylation) is driven by silencing deleterious gene activity in somatic tissues [3] . Interestingly, LOC_Os01g24460 showed imprinted expression in early endosperm development.
It has been shown DNA methylation patterns and the changes in its expression levels were closely related to the formation of heterosis [28] [29] [30] [31] [32] [33] . Chodavarapu et al. [30] found that the difference of cytosine methylation level between rice parents (Nip and 9311) and F1 was 0.79%, thus they hypothesized that the heterosis of F1 was related to the reduction of DNA methylation levels. Zhiben et al. [28] [29] [31] [32] also found that DNA methylation had a close relationship to heterosis in rice, maize and sorghum, respectively. At the LOC_Os01g24460 locus only the Nip allele was detected in the hybrid seedlings after removal of DNA methylation, suggesting that the Nip locus had a heterosis in the progeny. The other three genes also showed activation of parental alleles in F1 hybrid derived from treated seeds.
LOC_Os01g24460 in the 3d endosperm displayed maternal expression, but the expression at 5d is bi-allelic, indicating that imprinting is a dynamic process. Strikingly, after removing DNA methylation, LOC_Os01g24460 also expressed as a maternal imprinting gene in the hybrid leaves, suggesting that the maternal alleles of this gene in both endosperm and 5-azadC treated seedlings are prone to demethylation process that drives imprinted expression. What causes the differential responses to 5-azadC mediated demethylation process in hybrid seedlings is unknown. In contrast, DEMETER mediated demethylation process at the maternal alleles in endosperm has been clearly demonstrated in various plants. Du [42] also found that an imprinted gene yellow2-like in the seedling derived from rice seeds treated with DNA methylation inhibitor 5-azadC or zebularine could produce novel transcripts, indicating that DNA methylation can inhibit the transcription initiation of abnormal promoters in plants, thereby resulting in specific expression. This finding together with our study provide evidence that DNA methylation at least is one of the main mechanisms that drive tissue-specific gene expression and DNA methylation is important for plant development.
DNA methylation is associated with Heterosis and imprinting
In angiosperms, seed development and germination are related processes because embryo development and germination require nutriment flow from endosperm. Most imprinted expression is observed in the endosperm of developing seed. Previous studies suggest that the transposon insertion that affect the expression of neighboring genes is the main driving force of the evolution of genomic imprinting [25] [26] [27] 43] . DNA methylation is considered to silence the deleterious insertion of transposons. Therefore, large numbers of imprinted genes are endosperm specific because these genes are silenced in non-endosperm tissues due to DNA methylation and activated by DEMETER that remove DNA methylation. For nonimprinted endosperm-specific genes, their role and the regulation of their expression are largely unknown. Current study analyzed the role of DNA methylation modification in the regulation of non-imprinted genes and detected expression of the parental SNPs of four nonimprinted genes in demethylated hybrid seedlings. Our results support the idea that there is a close relationship between the dynamic changes in DNA methylation and the establishment of imprinting as well as, potentially, heterosis.
In this study we have only selected 4 endosperm-specific transcription factors to analyze the role of DNA methylation in the regulation of gene expression, it is still required to perform s more indepth analysis on the regulation of other transcription factors and nontranscription factors that are expressed specifically in endosperm. It is known that DNA methylation, histone H3K27 modification, POIIVdependent siRNAs (p4-siRNAs) and other epigenetic mechanisms are involved in the expression of imprinted genes and the formation of heterosis [25, 33] .
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